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Abstract Global Navigation Satellite System (GNSS) data
were gathered on the 998-m-long Severn Suspension Bridge
main span. The antennas were located on the tops of the four
support towers, as well as five locations on the suspension
cables; data were gathered at rates of 10 and 20 Hz. In addi-
tion, air and steel temperatures were gathered every 10 min.
The GNSS data were processed in an On The Fly manner
relative to a reference receiver located on a fixed position
adjacent to the Bridge, and the resulting dataset was compared
to the air and steel temperature data measurements, and cor-
relations reported. Moving average filters that eliminate short-
term movements due to wind loading and traffic loading were
applied to the GNSS data, resulting in the longer-term deflec-
tions due to temperature changes every 10 min. The tempera-
ture over the 3 days varied by up to 10 °C, and movements of
the order of decimetres were seen. Clear numerical correla-
tions between the changes in temperature and the changes in
height are presented when analysed at these 10-min intervals,
suggesting that temperature compensation in structural health
monitoring systems could be readily applied, resulting in a
sustainable structure.
Keywords GNSS . Bridge deflections . Deformation
monitoring
Introduction
Structural health monitoring (SHM) of structures, and in partic-
ular long-span bridges, is becoming an important topic. Since
the dramatic failure of the Tacoma Narrows Bridge on the 7th
November 1940 (Matsumoto et al. 2003), a succession of brid-
ges have failed, some of which have also collapsed or failed
beyond repair. Many bridges still rely on periodic visual inspec-
tions as the main method of finding faults. In December 2015,
fractures were identified in the truss and links on the Forth Road
Bridge in Scotland. This led to 12 weeks of disruption to traffic
flow, which included the unprecedented closure of the Bridge to
all traffic and pedestrians for a period of 4 weeks. This was
classed as an event of national significance by the Scottish
Parliament, as over 100,000 people use the Bridge every day
(Shackman and Climie 2016). Suspension and cable-stayed
bridges are becoming longer with improved understanding
and engineering capabilities. The world’s longest suspension
bridge, the Akashi Kaikyo Bridge in Japan, currently lies with
a main span length of 1991 m (Kitagawa 2004). The cost of
constructing such structures is very large. For example, the
estimated cost of building the second Severn road crossing,
called the Queensferry Bridge, is £1.3 billion (Shackman and
Climie 2016). The development of SHM schemes, using auto-
mated data gathering and analysis, could play an important part
in possibly detecting faults early and reducing the chances of
catastrophic failures. This could also result in economic benefits
in being able to prolong the life of such a structure, hence
making the structure more sustainable. The Queensferry
Bridge is currently under construction, mainly due to the uncer-
tainty of the health of the first. Due to the extensive construction
cost and time to build such a structure, decisions to plan and
build have to be madewell in advance. The Queensferry Bridge
will have taken 10 years in total to conduct feasibility studies,
plan and build the Bridge (Shackman and Climie 2016). It
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could be argued that an extensive SHM could improve such a
situation, by extending the life and improving confidence in the
knowledge of existing bridges.
Various sensors and technologies have been used and de-
veloped in order to gain more knowledge about specific brid-
ges. These range from simple anemometer-based systems that
allow traffic flow and types to be restricted under pre-
determined wind loading, to extensive multi-sensor systems.
Most existing approaches rely on simple and complex models
of such structures, such as finite element models (FEM),
which can be used to calculate the effect on the structure
during various loading scenarios due to traffic, wind, temper-
ature, etc. These models are based on theoretical values of
how small elements of the structure behave, and all these
small elements are brought together in the model to calculate
how the structure as a whole behaves. Real data is sometimes
used to evaluate such models, but seemingly not very often.
Various sensors could be used to monitor such structures,
including traditional surveying equipment such as levels and
total stations. However, such surveying relies on the structure
being relatively still. Motorised total stations have been used
to measure the deflections of such structures. However, due to
the relatively low speed of data gathering, and the imprecision
of the time of data gathering, this technique is not very effec-
tive. The use of photogrammetry, and in particular video, has
been used on the Humber Bridge (Stephen et al. 1993) as well
as other smaller structures (Ferrer et al. 2016). Such an ap-
proach was used to measure the vertical movements of the
structure, bymeasuring the pixel by pixel movement of a large
target located on the bridge. Again, this technique has limita-
tions in terms of the ability to easily measure 3D coordinates
and the distance limitations between the camera, on the land,
and the targets on the bridge. Other sensors embedded into the
structure have been investigated, such as tilt sensors and ac-
celerometers, and more recently Global Positioning System
(GPS) and Global Navigation Satellite System (GNSS). The
integration of such sensors, in particular, can offer an im-
proved solution, being able to eliminate the drift in the accel-
erometer though the GNSS data, as well as reducing the noise
in the GNSS data through using the accelerometer data to filter
the GNSS data. Also, the data can be densified to 1000 s of
Hertz, if required, using the accelerometer data.
The use of laser scanners could be used to measure and
create 3D models of such structures, but this is only if the
structure is relatively still. Due to the survey time required
when using laser scanners, typically up to a few minutes per
scan, the structure is most likely to move and deflect in this
time, and the resulting scans will include such noise. Laser
scanners are, therefore, thought not to be suitable for deflec-
tion monitoring of structures over time.
A relatively new piece of equipment, using radar technol-
ogies, is currently being investigated for deformation moni-
toring and deflection monitoring of structures (Atzeni et al.
2010; Negulescu et al. 2013; Luzi et al. 2014), and small span
bridges in particular (Ferrer et al. 2016; Gentile and Cabboi
2015). Such techniques use microwave interferometry-based
systems. These ground-based systems are mobile, and allow
data to be gathered at a rate of 200 Hz with possible precisions
of 0.1 mm (Ferrer et al. 2016). Such technology looks prom-
ising in being able to be used as part of a SHM in order to
measure natural frequencies as well as deflections very pre-
cisely. However, typically deflections in one direction are
measured, and obtaining 3D deflections is complicated. The
distance from the sensor location, typically on the land adja-
cent to the bridge, to the targets located on the bridge is also
limited.
GNSS has been used to monitor the deflections of long-
span bridges for over 20 years. The authors have conducted
various field tests and analyses on a number of bridges, in-
cluding the Humber Bridge in the UK (Ashkenazi et al. 1996),
the Forth Road Bridge in the UK (Roberts et al. 2012), The
London Millennium Bridge (Roberts et al. 2006), the
Avonmouth motorway viaduct (Ogundipe et al. 2014), the
Wilford Suspension Bridge in Nottingham, UK (Meo et al.
2004), and the Severn Suspension Bridge, UK (Roberts
et al. 2014).
Suspension bridges are prone to movements, by design.
These movements can be split into a variety of components.
These include the following:
& The movements due to the natural frequencies of the
bridge, which can be as low as 0.05 Hz or so and induced
typically by the loading due to traffic or wind
& The deflections of the bridges due to loading from traffic
and wind, which is of the order of up to decimetres, but
over a time period of a few seconds
& The deformation of the support towers, and hence the
bridge, due to long-term movements such as settlement
and earthquakes
& The long-term movements of the bridge due to ambient
temperature changes
This paper focusses on the comparison, and potential use,
of GNSS-derived deflections with changes in air and steel
temperatures. The scope of the work illustrates the possibility
of using such data as part of a SHM scheme in order to detect
any long-term lack of correlation which could imply that the
bridge is damaged or deteriorating. This paper is a first step in
such work, and it is anticipated that such data could be used to
better understand such a structure. The paper also illustrates
that the GNSS data is very powerful, in that by using simple
filters it is possible to extract the various movements listed
above and hence better understand the movements through
using one type of sensor.
Previous works on the Humber Bridge and the Avonmouth
M5 motorway crossing have shown results that have this type
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of temperature-induced long-term movement evident.
Figure 1 illustrates results from the Humber Bridge illustrating
the vertical movements at a single location during three suc-
cessive days, using 12 h of data from each day. The 3-day
results are overlapped with each other in the figure. The data
from the 1st March starts at a slightly later time, due to the set-
up time at the start of the survey. The deflections at this loca-
tion are evident in the figure, showing the Bridge moving
down at the order of up to 30 cm due to the traffic loading.
However, it can also be seen that all 3-day results gradually
drop down over 12 h. This is due to the increase in tempera-
ture and the corresponding expansion of the steelwork on the
Bridge. There is no temperature data available for the 1st
March. However, on the 2nd March, the air temperature at
09:15 was 4 °C, and changed down to 1.8 °C at 09:40 and
finally up to 8 °C by 15:00 (Cosser 2005). On the 4th March,
the temperature started at 14.5 °C at 09:00, changed down to a
minimum of 9 °C by 10:05 and then up to 15 °C by 12:00,
then again dropping to 11 °C at 14:10, rising again to 13 °C at
14:50, then gradually dropping from 15:15 to 10 °C at 16:30.
It can also be seen that the height of this location on the 4th
March started off at a lower location. This is because the
temperature at this time was higher. The corresponding overall
changes in height during these surveys are 0.166, 0.188 and
0.124 m during the 1st, 2nd and 4thMarch respectively. These
results illustrate that a bridge, such as the Humber Bridge,
with a main span length of 1410 m experiences deflections
of the order of decimetres when the air temperature changes
by a few degrees.
Figure 2 illustrates the lateral, longitudinal and vertical de-
flections at a location on the M5 Avonmouth viaduct
(Ogundipe et al. 2014; Roberts et al. 2014). Here, again, it
can be seen that over an approximately 6-h period, the bridge
moves in a mainly vertical and longitudinal direction. Again,
this is thought to be due to the heating effect and expansion of
the bridge.
Temperature changes, and the resulting thermal loads on
bridges, are important characteristics for the serviceability
limit state design of bridges. Such information is required
for the design, and the ability to monitor the changes in tem-
perature and the corresponding movements can help to create
a structural health monitoring (SHM) system, in addition to
helping improve future designs and understanding of such
structures. Both seasonal and diurnal temperature changes re-
sult in such deflections.
Research has been carried out on the Humber Bridge (Xia
et al. 2016), identifying that temperature changes are impor-
tant for the understanding of the state of a bridge. A 2D FEM
was established in order to model the changes in a typical
section. The thermal behaviour of this section was analysed,
and it was concluded that such analysis is difficult due to the
complexity of such a structure.
The effect of solar radiation (Westgate et al. 2014) was
analysed on the Tamar Bridge, UK. The Tamar Suspension
Bridge has a main span length of 335 m. The bridge deck and
suspension cables were analysed for the effect of solar radia-
tion. The paper concluded that the peak temperature of the
structure and the cables occur at different times, due to the
different material properties, as well as the surfaces’ ability
to absorb and lose heat. An FEM was developed, and real
survey data used to compare. The survey data consisted of
using a single total station to sequentially measure angles
and distances to 15 targets located upon the bridge. The cycle
took 10min, and repeated every 30min. During the field tests,
cloud cover was reported. Ten days of displacement data were
gathered, and daily results produced. These were compared to
Fig. 1 Three consecutive days of
data from the same location on the
Humber Bridge, illustrating the
effect of temperature on the
overall level of the Bridge deck
(Roberts et al. 2005)
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the FEM. The results included those for the cables, deck and
truss. Results illustrated that the vertical movements on the
bridge at the midspan were affected more by the thermal re-
sponse of the suspension cable rather than the deck’s response
or the truss’ response.
Further work was conducted on the Tamar Bridge (De
Battista et al. 2015). Amodel of the temperature and extension
relationship was developed, conclusions included that such
bridges are very complex, and it is not possible to calculate
the effect on every single section. However, a global model
could work better.
Work has also been conducted on the Tsing Ma Bridge in
Hong Kong (Xu et al. 2010). The main span’s length is
1377 m. This bridge, similarly to many large-span bridges in
Asia, is fully equipped with monitoring sensors, such as GPS,
thermometers, displacement transducers, anemometers and
level sensing stations, all focussed on providing information
towards a SHM system. Again, this research developed a daily
average temperature-displacement response analysis. The ca-
ble at midspan expanded by 2.94 mm/°C and the deck at
midspan by 15.50 mm/°C.
Further work has been carried out on the Severn
Suspension Bridge in the UK, and this is the topic of this
paper.
The Severn Bridge Survey, 2010
The Severn Suspension Bridge is a motorway bridge that con-
nects South Wales to just north of Bristol, in the UK. The
structure took 3.5 years to construct at a cost of £8 million.
The Bridge was opened on the 8th September 1966. The
Bridge is 1600 m long, with a 988-m-long central span be-
tween two 136-m-tall towers. The suspension cables are
495 mm in diameter, spun from 29,000 km of 4.98 mm diam-
eter cables (Fisher and Lambert 2013).
An extensive survey was carried out on the Severn
Suspension Bridge in the UK in March 2010. This consisted
of placing nine GNSS antennas on the Bridge itself, on the
tops of the four towers as well as key locations on the suspen-
sion cables. GNSS has the advantage over a total station ap-
proach in that a number of locations can be surveyed simulta-
neously, with synchronised data, at rates of up to 10, 20 and
even 100 Hz. The total station approach also has the disad-
vantage of limited range from the stable land to the survey
station upon the bridge. Such GNSS measurements result in
data that includes all the characteristic movements of the
bridge. Figure 3 illustrates the locations of the GNSS antennas
on the Severn Bridge. Thirty-metre-long antenna cables were
used to connect the GNSS antennas to the receivers. This
Fig. 2 Lateral, longitudinal and vertical movements of location M on the 30 November 2007, the Avonmouth viaduct (Roberts et al. 2014)
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allowed the surveyors to be located in safe locations whilst
operating the receivers. The four receivers attached to the
antennas on the tops of the towers were Leica SR530 dual-
frequency GPS receivers, and the receivers attached to the
suspension cables were Leica 1200 dual-frequency GPS/
GLONASS receivers. The antennas used were Leica AT504
choke ring antennas on the tops of the towers, and Leica
AT503 lightweight choke ring antennas on the suspension
cables. Two GNSS reference stations were set up, both using
Leica 1200 GNSS receivers and AT504 antennas (Roberts
et al. 2014).
Data were gathered at a rate of 10 Hz at the SR530 re-
ceivers, and 20 Hz at the 1200 receivers. Details about the
survey are explained further in Roberts et al. (2014). The data
at locations A and B during the whole survey are used in this
paper to detail the relationship between the movements at
these locations and the changes in temperature. Temperature
information is available at 10-min intervals, for both the air
and the steel. The steel temperature was recorded at the Aust
abutment. The temperature data are part of the in-service data
gathered at the bridge, including wind speed and direction at
various locations. The temperature data at this rate is thought
to be acceptable, as it is not imagined that the temperature
would fluctuate by a large amount over a 10-min period.
Data analysis
The GPS data were processed using RTKLIB version 2.4.2
using a combined forward and backward solution (Takasu and
Yasuda 2009), and converted into the coordinate system of the
Bridge (Eqs. 1 and 2). Equations 1 and 2 represent the trans-
formation of the movements in the easting (E) and northing
(N) coordinates, along with the bearing of the bridge (α) into
Fig. 3 The locations of the nine
GNSS antennas on the Severn
Bridge
Fig. 4 Lateral, longitudinal and
vertical GNSS movements at
location A over a 1-h period on
the 11th March 2010
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the movements in the longitudinal and lateral components of
the bridge structure.
Long ¼ Ecosaþ Nsina ð1Þ
Lat ¼ Ncosa−Esina ð2Þ
Figure 4 illustrates typical movements of the Bridge at
location A over a 1-h period on the 11th March, between
11:00 and 12:00, with corresponding air and steel temperature
data. The temperature data have been inverted so as to help
illustrate the trends in the movement and temperature data.
Here, it can be seen that there are short-term movements due
to traffic loading in particular, resulting in movements of the
order of up to 250 mm in the vertical direction, as well as
smaller movements of the order of up to 30 mm in the longi-
tudinal direction, and 10mm in the lateral direction. The small
lateral movements also imply that the wind velocity during
this time was very small. This was the case when looking at
the wind data available.
There are also short-term 0.146 Hz natural frequency
movement data within these data (Roberts et al. 2014). The
movement that is focussed on in this paper are the longer-term
movement due to the change in temperature. During the 1-h
Fig. 5 Vertical movements at
locations A, B, C andD over a 4-h
period on the 10th March 2010
Fig. 6 Lateral, longitudinal and
vertical movements at location A,
as well as the air and steel
temperatures over the 3-day
period 10th to 12th March 2010
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test period, Fig. 4, the air temperature changes from 4.9 to
5.7 °C (0.7 °C/h), and the steel temperature changes from
2.8 to 3.8 °C (1.0 °C/h). The corresponding change in the
average vertical value for location A, Fig. 4, is 78 mm/h, or
107.6 mm/°C (air) and 75.5 mm/°C (steel). Further to this, the
corresponding change in the lateral direction for A is 8.3 mm/
h, and the corresponding change in the longitudinal direction
is 8.7 mm/h.
Figure 5 illustrates the vertical component of the antennas
at locations A, B, C and D over a 4-h period on the 10th
March. This time, the data was gathered in the evening, when
the air and consequently steel temperatures were dropping.
The average vertical cable locations during a period of air
cooling in the evening (Fig. 5) become more positive in val-
ue—that is, move upwards. The air temperature changes from
6.1 to 2.6 °C (−3.5 °C or −0.9 °C/h), and the steel temperature
changes from 5.9 to 3.8 °C (−2.1 °C or −0.5 °C/h) between
17:00 and 21:00. The corresponding change in the average
vertical value for location A is 21 mm/h or 23.9 mm/°C (air)
and 39.8 mm/°C (steel). Further to this, the corresponding
change in the lateral direction for A is 10.5 mm/h, and the
corresponding change in the longitudinal direction is
0.1 mm/h.
The temperature values for both the air and the steel at the
Aust abutment of the Bridge are recorded at a 10-min interval.
The data for location Awas filtered with a moving average to
correspond to the same 10-min interval. Figure 6 illustrates the
relationship between the lateral, longitudinal and vertical
movements of location A using the moving average filter,
Eq. 3, as well as the air and steel temperatures over the 72-h
period of the 10th to 12thMarch. The data for location A used
in Figs. 4 and 5 are a subset of the data in Fig. 6. In Eq. 3, MAi
represents the moving average value of the 10-min period i, N
represents the number of epochs within the 10-min period, and
xj represents the coordinate value at epoch j. The GPS results
begin at 14:20 on the 10th and end at 11:10 on the 12th.
MAi ¼ 1N ∑
N
j¼1x j ð3Þ
Figure 6 illustrates that there is correlation between the
changes in temperature and the deflections measured using
GPS. The temperature data have been inverted as previously
mentioned. It can also be seen that the vertical component
experiences the most movement, with peak movements of
up to 188.5 mm being measured. However, the lateral com-
ponent of the movements also experiences significant
Fig. 7 Antenna located on the suspension cable
Fig. 8 Lateral, longitudinal and
vertical movements at location A,
as well as the air and steel
temperatures over the 3-day peri-
od 10th to 12th March 2010
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movements; peak movements of up to 78.2 mm are measured.
The vertical component movements in Fig. 6 are due to the
expansion of the cable, resulting in the cable drooping. There
is also some evidence of movements in the longitudinal direc-
tion, as the cable expands, and location A is 164 m from the
centre. Any expansion of the cable will result in movements in
the longitudinal component for any location not located at the
middle of the cable. The lateral component’s movement is
thought to be due to the direct heating effect on the cable
through insolation. The bridge is orientated from Beachley
to Aust at a bearing of 120°. This means that when the sun
shines directly onto one side of the cable, this side expands
more than the other side. The antenna, Fig. 7, is located on top
of a mast. The conclusion is that as one side of the suspension
cable expands quicker than the other, the mast will rotate
about the longitudinal axis of the suspension cable and hence
the small lateral movement is amplified.
Figure 8 illustrates the relationship between the air and
steel temperatures with the vertical movements at locations
A and B over the whole survey period. Again, the temperature
data in this figure have been inverted so as to help illustrate the
trends in the datasets. The data used in Figs. 4 and 5 are again
subsets of the data used in Fig. 8. Location B is at the middle
of the cable and location A is 164 m from the centre, on the
cable. It can be seen that there are similarities in the trends of
the vertical movement data at locations A and B. At 16:10 on
the 11th March, it can be seen that location B dips lower than
location A. This is as expected, due to location B being in the
centre of the cable, and location A 164 m offset.
Correlation analysis was conducted on the resulting data
for the 10-min epoch intervals for the air temperature, steel
temperature and vertical deflections at locations A and B. In
addition, random values were generated, within the same
range as the true values of vertical deflections. Cross-
correlation analysis was conducted between the temperatures
and themselves, the various datasets and the random values, as
well as the air and steel temperatures with the vertical move-
ments at locations A and B. One hundred sixty-two common
10-min epochs exist for all the data i.e. steel and air tempera-
ture as well as the deflections for locations A and B. The
cross-correlation analysis for the various parameters is illus-
trated in Table 1. Here, it can be seen that when the values are
correlated against themselves, the normalised cross-
correlation coefficients are all equal to 1.0000, as expected.
Table 1 also illustrates the low correlation coefficient values
when the values are correlated against the random values,
again as expected. Both these sets of results illustrate the ex-
pected range from a perfectly correlated pair of values, to a
poorly correlated pair of values. The steel temperature and air
temperature ranges correlate with a value of 0.8911 against
each other. The remaining values in Table 1 illustrate that the
vertical movements at locations A and B correlate with values
of 0.8747 and 0.8061 against the air temperature, and 0.7537
and 0.6641 against the steel temperature ranges. The results
show that there is a reasonably high level of correlation be-
tween the temperature results and the vertical movements. The
Table 1 The normalised cross-correlation coefficients for the air and
steel temperatures with the vertical movements at locations A and B
Air Temp Steel Temp Avert Bvert
Air Temp 1.0000
Steel Temp 0.8911 1.0000
Avert 0.8747 0.7537 1.0000
Bvert 0.8061 0.6641 0.9116 1.0000
Random 0.0223 0.0026 −0.0098 −0.0363
Fig. 9 Relationship between the
change in temperature and change
in height at location A on the 11th
March
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air temperature is better correlated than the steel temperature.
The steel temperature is taken at the Aust abutment, and not at
the suspension cable. Previous research has shown that the
temperatures at two such locations can vary (Westgate et al.
2014). Location A has a higher correlation than location B
with the temperature values, and is seen to correlate at a value
of 0.8747 with the air temperature. The highest correlation
value in Table 1 is seen to be the correlation between the
vertical movements at locations A and B with each other, at
a value of 0.9116.
Figure 9 illustrates the relationship between the change in
height at location A and temperature during the 10-min
epochs, over the 24-h period. This again shows that there is
a good relationship between these data. Such results could be
used to help model how the bridge behaves, and used in a
structural monitoring scheme. Any deviations from such
trends could be further investigated as this could indicate dam-
age caused to the bridge.
Conclusions
The results show a clear relationship between the movements
at the GNSS receivers on the Severn Bridge and the temper-
ature of the steel and air. Previous work has focussed on long-
term and daily results, whereas this work looks at more fre-
quent data. The results illustrate a correlation of up to 87.47%
between the air temperature and the vertical movements at
location A. Further work is being carried out to investigate
this relationship further for the whole of the survey in 2010.
In addition to this, work is underway to look at the relationship
between these data as well as data gathered in July 2015, in
order to investigate the repetition of such an approach. The
temperature variation will then go up to 24 °C, rather than
only the 6 °C illustrated in this paper. Such understanding of
the movements of a structure due to changes in temperature is
an important factor when designing and also when monitoring
the movements over a period of time. Through using simple
filters, it is possible to extract various types of movements
from the high-rate GNSS data, including the temperature-
related movements focussed on in this paper. This could be
carried out in an automated manner. Such an approach and
knowledge can be used as part of a dynamic structural health
monitoring system, resulting in sustainable and smart
structures.
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